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The L1 family of cell adhesion molecules (L1CAMs) is important for neural development. Mutations in one of the human L1CAM genes,
L1, can result in several neurological syndromes, the symptoms of which are variably penetrant. The physiological cause of these symptoms,
collectively termed CRASH, is not clear. Caenorhabditis elegans animals genetically null for the L1CAM homologue LAD-1, exhibit
variably penetrant pleiotropic phenotypes that are similar to the CRASH symptoms; thus the C. elegans lad-1 mutant provides an excellent
model system to study how disruption of L1 leads to these abnormalities. These phenotypes include uncoordinated movements, variable
embryonic lethality, and abnormal neuronal distribution and axon trajectories. Our analysis revealed that many of these phenotypes are likely
a result of tissue detachment.
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The L1 family of cell adhesion molecules (L1CAMs)
is a set of glycoproteins belonging to the immunoglobulin
(Ig) superfamily that are conserved in both vertebrates
and invertebrates (reviewed in Kenwrick et al., 2000).
L1CAMs are made up of an extracellular domain that is
comprised of six immunoglobulin (Ig) and four or five
fibronectin type III (FNIII) repeats that can form homo-
and heterophilic interactions, a transmembrane domain,
and a short cytoplasmic tail containing a conserved motif
that mediates binding to the adaptor protein ankyrin
(reviewed in Hortsch, 2000; Davis and Bennett, 1994).
L1CAMs containing these hallmarks include L1, NrCAM,
and neurofascin in vertebrates (reviewed in Hortsch,
2000; Davis and Bennett, 1994), neuroglian in Droso-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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Caenorhabditis elegans (Chen et al., 2001).
L1CAMs are expressed predominantly in the nervous
system and mutations in the human L1 gene result in a
variety of overlapping X-linked neurological syndromes
whose symptoms are collectively termed CRASH (Corpus
callosum hypoplasia, mental retardation, adducted thumbs,
spastic paraplegia, and hydrocephalus) (Fransen et al.,
1998; reviewed in Kenwrick et al., 2000; Weller and
Gartner, 2001). Clinical manifestation of these symptoms
varies between individuals, ranging from pre- or peri-natal
death to mental retardation (reviewed in Kenwrick et al.,
2000). The physiological basis of these symptoms is
unclear. L1 knockout mouse mutants have been generated
and the phenotypes they exhibit are similar to the human
CRASH symptoms (Cohen et al., 1998; Dahme et al.,
1997). Analysis of the mouse mutants revealed cortico-
spinal tract hypoplasia and defective axon decussation in
the corticospinal tract, both of which have been suggested
as causes for spastic paraplegia or the uncoordinated
movements observed in the hind limbs of mutant mice284 (2005) 273 – 291
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defect in the corticospinal cord is not detected via
functional and anatomical studies in human L1 patients
(Dobson et al., 2001). L1 mouse knockout mutants also
display non-neuronal defects. These include pre- and peri-
natal death, low fertility, and kidney developmental
defects, indicating L1 function outside the nervous system
(Dahme et al., 1997; Cohen et al., 1998; Debiec et al.,
2002). The precise function of L1CAMs in the various
tissues is not clear.
A genetic approach also has been taken inDrosophila and
C. elegans to dissect L1CAM functions and mechanisms.
Similar to vertebrate L1CAMs, Drosophila neuroglian and
C. elegans lad-1 are expressed in multiple tissues (Hall and
Bieber, 1997; Chen et al., 2001). Null mutations in
Drosophila neuroglian result in embryonic lethality, the
cause of which is not known (Hall and Bieber, 1997).
Analysis of the arrested embryos revealed axon guidance and
peripheral neuron morphology defects (Hall and Bieber,
1997). In addition, hypomorphic neuroglian mutants were
shown to display disrupted septate junctions (Genova and
Fehon, 2003). Taken together, these findings indicate that
similar to vertebrate L1CAMs, neuroglian is required in
neuronal and non-neuronal tissues.
In C. elegans, LAD-1 is ubiquitously expressed as early
as the two-cell stage embryo, and localizes to the plasma
membrane at sites of cell–cell contact (Chen et al., 2001).
In the nervous system, the LAD-1 protein is localized to the
plasma membrane of neuronal cell bodies and processes
(Chen et al., 2001). Similar to vertebrate L1CAMs, lad-1 is
subjected to alternative splicing, resulting in two isoforms
that differ in the extracellular domains (Chen et al., 2001).
While alternative splicing has been shown to produce
neuronal-specific isoforms of L1 and neuroglian (Hortsch,
2000), it is not known whether the LAD-1 isoforms are
differentially expressed. To determine the function of LAD-
1, we had previously generated a transgenic strain that
expresses a truncated LAD-1 product comprising the first
three Ig domains, which is predicted to act in a dominant-
negative fashion (Chen et al., 2001). These strains showed
variably penetrant pleiotropic phenotypes that include
uncoordinated movements, abnormal gonad morphology,
defective embryogenesis, and variable abnormal (Vab)
body morphology. Because of the variable stability of
the transgene and undetermined mechanism by which
the expressed transgene interferes with endogenous
LAD-1 function, we proceeded to isolate genetic mutants
of lad-1.
This study focuses on the isolation and genetic character-
ization of lad-1 mutants. We determined that lad-1 and an
existing gene sax-7 (Zallen et al., 1999) are the same gene.
We show that the lad-1 null mutant exhibits pleiotropic
phenotypes, indicating lad-1 functions in multiple tissues.
We further determined that many of these phenotypes are
likely a result of impaired cell adhesion required to maintain
cell and tissue position.Materials and methods
Strains
The following strains were obtained from the Caenorhab-
ditis Genetics Center: RW1324: fem-1(e1991) unc 24(e138)
unc-22(s12)/stDf7 MT6205: cha-1(n2411) CX2993: sax-
7(ky146); kyIs4 We obtained strains containing oxIs1 (unc-
47::gfp translational construct) from E. Jorgensen (McIntire
et al., 1997), Pda-t1::gfp transcriptional construct from R.
Blakely (Nass et al., 2000), evIs78 (Punc-129::gfp transcrip-
tional construct) from J. Culotti (Colavita et al., 1998), gmIs1
(Parrestin::gfp transcriptional construct) from G. Garriga
(unpublished data), ayIs6(hlh-8::gfp) from M. Stern (Harfe
et al., 1998), and tm1448 from the Mitani laboratory.
Mutagenesis screen
Amutagenesis screen for mutations in the lad-1 locus was
carried out (based on Jansen et al., 1997; Liu et al., 1999).
Briefly, we treated L4 larval stage animals with 50 mM
ethylmethanesulfonate. The progeny of the mutagenized
worms was subdivided into populations and allowed to
reproduce. DNA from 30% of each population was extracted,
pooled and amplified by polymerase chain reaction (PCR)
with nested lad-1 specific primer sets. Populations producing
a PCR product smaller than the predicted size of a wild-type
product were similarly subdivided, allowed to reproduce,
extracted for DNA and amplified by PCR with the same
nested primer sets. This process was continued until we
recovered a single animal with the deletion.
Primer set 1 was used to isolate the eq1 mutation:
outside 5V primer LC108: ctgctgcttctcgttgacac
outside 3V primer LC50: ctcaaggattttgttcagaag
nested 5V primer LC109: ctattgttccgtcactacac
nested 3V primer LC51: gtcgtacgatagatcagaatg
Primer set 2 was used to isolate the eq2 mutation:
outside 5V primer JHOL44: gcgcctttgctacagta
outside 3V primer JHOL45: tccaataaactcttgcgtatg
nested 5V primer JHOL46: ccggtaaagtacaatgccatc
nested 3V primer JHOL47: cgcagttttgaaatgacgaa
Each mutant recovered in this screen was backcrossed
to wild-type animals eight times to eliminate additional
mutations. PCR was used to track the mutation in each
backcross.
Expression analysis of lad-1 mutants
Immunoblots
Adult animals were harvested as described (Chen et al.,
2001). Immunoblots were performed with anti-LAD-1 6991
and anti-UNC-70 BGS-1 antibodies (Chen et al., 2001;
Table 1
Phenotypes exhibited by the lad-1/sax-7 mutants
Genotype Unc Egl Con Neuronal
displacement
Gonad
morphology
Embryonic
lethality
eq1/eq1 +++ +++ +++ +++ +++ +++
eq1/stDf7 +++ +++ +++ N.D. +++ N.D.
eq1;C55E8  + +   N.D.
eq2/eq2    +/  
eq2/stDf7 + + + N.D. ++ N.D.
ky146/ky146 +/ +/ +/ +++  +++
ky146/stDf7 ++ ++ ++ N.D. ++ N.D.
ky146/eq1 + + + N.D. + N.D.
The severity and penetrance of each phenotype is qualitatively rated by the
number of ‘‘+’’. ‘‘’’ indicates no phenotype, ‘‘/+’’ indicates subtle
defects, ‘‘N.D.’’ indicates not determined.
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(Amersham).
Immunofluorescence microscopy
Worms were fixed in methanol and stained for indirect
immunofluorescence using the freeze-crack methanol fix-
ation method (Miller and Shakes, 1995). Primary antibodies
6991, BGS-1, and MH25 were used at concentration 1:300
while antibody 5–6 was used at concentration 1:1000 (Chen
et al., 2001; Moorthy et al., 2000; Francis and Waterston,
1985; Miller et al., 1986). Secondary antibodies (Alexa 488
and 568,Molecular probes) were used at concentration 1:500.
Reverse transcription/PCR of sax-7(ky146) transcripts
Total RNA was isolated from ky146 and wild-type
animals (based on Krause, 1995). Total cDNA was made
via reverse transcription reaction using oligo-dT primers.
The following primer sets were used to PCR lad-1 cDNA.
5V primer LC18: ttattgaatccaactcaagatgatactgc (this oligo
primes sequence located two exons upstream of ky146
mutation).
3V primer LC15: ttattctcgagcagaagaaggatcagcaaagagg
(this oligo primes sequence located one axon down-
stream of the ky146 mutation).
3V primer LC23: ttattctcgagttttacagtactccacc (this oligo
primes sequence located three exons downstream of the
ky146 mutation).
Amplified products were sequenced after gel purification.
Neuronal and axon characterization
Using standard genetic techniques, we crossed in specific
GFP reporters into lad-1 mutants to visualize GABA neurons
(unc-47::gfp), cholinergic neurons (unc-129::gfp), dopami-
nergic neurons (dat-1::gfp), the hermaphrodite specific
neurons (arrestin::gfp), and the sex myoblasts (hlh-8::gfp).
Phenotypic analysis of each strain involved the examination
of at least 50 animals at specific larval and adult stages for
displaced neurons and abnormal axon outgrowth.
Microscopy
Live animal visualization
Live animals were placed on a slide with a 2% agarose
pad using 1% 1-phenoxy-2-propanol in M9 buffer as
anesthetic. The pad was gently sealed with a coverslip.
The animals were viewed using either GFP fluorescence or
differential interference (DIC) microscopy using the Zeiss
Axioplan 2 IE microscope and Axiocam MRM and
Axiovision software.
Time-lapse microscopy
ky146 and eq1 adult hermaphrodites were dissected to
release young embryos (one to over 24 cell stage). Embryoswere pipetted onto a 2% agarose pad containing a drop of S-
Basal buffer. A coverslip was sealed over the agarose pad
with petroleum jelly to prevent drying of the embryos.
Timed Z-sectioned DIC images using the Zeiss Axioplan 2
IE microscope were taken to follow embryonic development
of the lad-1 embryos.
Embryonic lethality characterization
In addition to the time-lapse images designed to uncover
developmental defects in surviving eq1 and ky146 embryos,
we also characterized the embryonic lethality phenotype in
the population by the following method. Single lad-1
mutant animals were placed on an NGM plate seeded with
OP50 bacteria. Each animal was transferred every 12–15 h.
The number of embryos that were laid on a plate was
determined; the number of unhatched embryos was counted
after 15 h incubation at 20-C. We also stained these arrested
embryos with 5–6 and MH24 antibodies generated against
MYO-3 and vinculin, respectively.
Genetics
Complementation tests
We performed genetic complementation tests of lad-
1(eq1) with mutant strains that mapped to a genetic interval
near lad-1; The strains tested included sax-7(ky146),
exc-9(n2669), and mau-8(qm57) (Zallen et al., 1999;
Buechner et al., 1999; Hekimi et al., 1995). Using the
multiple phenotypes exhibited by lad-1(eq1) animals (Table
1), we determined that sax-7(ky146) did not complement
lad-1(eq1).
Genetic rescue of lad-1(eq1) phenotypes with the cosmid
C55E8
Using standard transgenic techniques, we generated lad-
1(eq1) animals containing the cosmid C55E8, which
contains the lad-1 gene (10 ng/Al C55E8 was injected
along with 70 ng/Al rol-6 DNA). Transgenic animals were
immunostained with antibody 6991 (Chen et al., 2001) to
confirm proper lad-1 expression.
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tissue-specific lad-1 constructs
The following tissue-specific lad-1 constructs were
generated:
(1) Punc-119::lad-1 is a plasmid containing lad-1 DNA
inserted downstream of the pan-neuronal unc-119
promoter. The lad-1 rescuing DNA contains partial
lad-1 cDNA encoding the extracellular domain of the
larger LAD-1 isoform and a 2.1-kb genomic sequence
from the cosmid C55E8 encoding the remaining
LAD-1 transmembrane domain, cytoplasmic tail, and
3VUTR. The unc-119 promoter will drive expression of
lad-1 in the nervous system.
(2) Pdpy-7::lad-1 is a plasmid containing the described
lad-1 cDNA-genomic DNA chimera downstream of
the dpy-7 promoter, which will drive lad-1 expression
in the hypodermis.
(3) Pmyo3::lad-1 is a plasmid containing the described
lad-1 cDNA-genomic DNA chimera downstream of
myo-3 promoter, which will drive lad-1 expression in
body wall muscles.
We injected each of these constructs (10 ng/Al Punc-
119::lad-1, 2.5 ng/Al Pmyo-3::lad-1, 0.5 ng/Al Pdpy-7::lad-
1) individually or in various combinations with 70 ng/Al rol-
6 as a co-injection marker into the strain lad-1(eq1); oxIs12
using standard transformation techniques.
Transgenic animals from successful lines were immu-
nostained with antibody 6991 to confirm LAD-1 was
expressed appropriately. Rescue of the displaced neuronal
cell body and commissural axon phenotypes of lad-1(eq1)
was characterized in transgenic animals (i.e., animals
expressing rol-6) as a marker. Rescue of the embryonic
lethality was assayed under time-lapse microscopy and
as described above. Arrested embryos were stained with
both 5–6 and 6991 antibodies generated against MYO-3
and LAD-1 (Miller et al., 1986; Chen et al., 2001),
respectively.
Three independent lines of eq1 transgenic animals
expressing LAD-1 in single tissues (nervous system or
hypodermis or muscle), all three tissues, and both the
nervous system and hypodermis were analyzed; two
independent lines of eq1 transgenic animals expressing
LAD-1 in the nervous system and muscle and in the
hypodermis and muscle were analyzed. n = 100 for each
transgenic line.
Aldicarb and levamisole assay
Aldicarb is an acetylcholinesterase inhibitor that induces
paralysis in wild-type animals but not in animals that are
defective in synapse transmission (Miller et al., 1996). In the
assay (based on Miller et al., 1996; Saifee et al., 1998), we
placed 10 young adult animals on NGM plates containing
0.75 mM–1.5 mM aldicarb. After 4 h, the number ofparalyzed animals was counted. Animals are considered
paralyzed if they failed to move when prodded with a
platinum wire. We performed the assay with lad-1/sax-7
mutants (eq1, eq2, ky146, and eq1/ky146). As controls, we
assayed wild-type animals, which are sensitive to aldicarb,
and cha-1(n2411) and ric-3(md158) mutants, which are
resistant to aldicarb (Miller et al., 1996). n = 370 for each
genetic strain tested except for eq1/ky146 where n = 180
was assayed on 1.0 mM aldicarb.
Levamisole is an acetylcholine agonist that induces
paralysis in wild-type animals but not mutants with defects
in the post-synapse. In this assay (based on Miller et al.,
1996; Saifee et al., 1998), we placed 10 young adult animals
on an NGM plate containing 250 AM levamisole. We
counted the number of paralyzed animals every 30 min for a
total of 2 h. Animals are considered paralyzed if they failed
to move when prodded with a platinum wire. As controls,
we assayed wild-type and cha-1(n2411) animals, which are
sensitive to levamisole, and ric-3(md158) mutants, which
are resistant to levamisole (Miller et al., 1996). n = 100 for
each genetic strain assayed.Results
Molecular characterization of lad-1 mutants
Using PCR to screen two million genomes for deletions
in lad-1, we identified two lad-1 mutations, eq1 and eq2
(Fig. 1). eq1 is a 2020 base pair (bp) deletion that removes
the fifth FNIII repeat, the transmembrane domain, the
cytoplasmic tail, and 220 bp of the 3V untranslated region
(UTR). eq2 is a 655 bp deletion that removes 257 bp of the
promoter, the 5V UTR, and the signal sequence peptide
(SSP) of the full-length lad-1 isoform. In addition to eq1
and eq2, we identified a third allele of lad-1 through
complementation tests of lad-1(eq1) with previously iso-
lated but uncloned genes mapped in the vicinity of the lad-1
gene (see Materials and methods). Of the three genes tested,
only sax-7(ky146) did not complement lad-1(eq1) (Table
1). sax-7 was previously isolated in an independent screen
for mutants with abnormal sensory axons (Zallen et al.,
1999). We sequenced the only existing sax-7 allele, ky146,
and found a single base change (G-to-A) that converts a
conserved tryptophan in the third FNIII repeat to a
premature stop codon in the lad-1 gene (Fig. 1). sax-7
and lad-1 are thus the same gene; for simplicity, we will
henceforth refer to the lad-1 gene as sax-7.
Expression analysis of sax-7 mutants
Western blot analysis of sax-7 expression in the three sax-
7 mutants was performed using the 6991 antibody pre-
viously generated against the SAX-7 cytoplasmic tail (Fig.
2A; Chen et al., 2001). Wild-type animals show three SAX-7
bands of 200 kDa, 160 kDa, and 65 kDa as previously
Fig. 1. A schematic of the sax-7 isoforms and genetic mutations isolated. (A) A map of the eq1, eq2, and ky146 mutations with respect to the genomic structure
of sax-7. Boxes represent coding sequence while intervening lines represent intron and non-coding sequences. The blackened box represents the alternative
coding sequence used by the smaller SAX-7S isoform. The ky146 mutation changes amino acid #787 in the larger SAX-7L isoform into a stop codon. (Bi) The
alternatively-spliced isoform SAX-7L is similar in organization to the canonical L1CAM, while (Bii) SAX-7S lacks the first two Ig domains (Chen et al.,
2001). Possible cleavage of SAX-7 at the putative conserved cleavage motif will result in (Biii) a predicted 65 kDa C-terminal polypeptide (SAX-7CT) and
(Biv) N terminal products (SAX-7N). (C) Structure of proteins predicted as a result of each mutation.
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to the larger SAX-7 isoform (SAX-7L), which contains
hallmarks of canonical L1CAMs (Fig. 1Bi). The 160-kDa
band corresponds to the smaller alternatively-spliced isoform
(SAX-7S), which lacks the first two Ig domains present in
canonical L1CAMs (Fig. 1Bii). The 65 kDa band is likely a
C-terminal fragment (SAX-7CT) generated by post-transla-
tional cleavage (Fig. 1Biii), an event that also occurs in
vertebrate L1 and NrCAM (Chen et al., 2001; reviewed in
Hortsch, 2000). Indeed, the third FNIII repeat of SAX-7
contains a putative cleavage site that is conserved in many
vertebrate L1CAMs (Fig. 1B; Chen et al., 2001; Hortsch,
2000). Compared to the levels of the 160 kDa polypeptide,
the levels of the 200-kDa and the 65-kDa polypeptides in the
immunoblot are significantly higher (Fig. 2A), suggesting
they are the predominant SAX-7 polypeptides.
The eq1 lesion removes the SAX-7 cytoplasmic tail
against which the 6991 antibody was generated (Fig. 1C;
Chen et al., 2001). As expected, the bands that were
detected in wild type lysates are dramatically reduced to
background signals in eq1 lysates and demonstrate the
specificity of the 6991 antibody (Fig. 2A). Possible N-
terminal truncated products that may be produced in eq1animals will not be detected by the 6991 antibody. The eq2
deletion is expected to affect SAX-7L but not SAX-7S (Fig.
1C). Indeed, the 200-kDa SAX-7L band was reduced to
essentially background levels, and there was instead a low
level of a novel 180 kDa band (Fig. 2A), which is likely a
truncation of the SAX-7L. In contrast, eq2 mutants showed
essentially wild-type levels of SAX-7S and SAX-7CT. The
ky146 allele is a premature stop codon that is expected to
affect both SAX-7L and SAX-7S (Fig. 1C). Indeed, the
Western blot detected only background levels in ky146
lysates (Fig. 2A). Similar to eq1 animals, possible N-
terminal truncated forms of SAX-7 consisting of extrac-
ellular Ig and FNIII repeats that may be produced in ky146
animals will not be detected by the 6991 antibody.
Immunofluorescence studies were performed on the three
sax-7 mutants using the 6991 antibody to characterize
tissue-specific sax-7 expression (Fig. 2B). As in the Western
blots, the eq1 lesion does not allow for SAX-7 detection
with the 6991 antibody, and thus demonstrates the
specificity of the antibody (Fig. 2Biv). In wild-type animals,
sax-7 is expressed in multiple tissues with robust SAX-7
accumulation in the nervous system (Chen et al., 2001). In
Fig. 2Bi, the anterior part of a wild-type animal is shown
Fig. 2. SAX-7 expression in sax-7 mutants. (A) An immunoblot comparing SAX-7 expression in wild-type and mutant animals. The blot was also incubated
with an antibody generated against UNC-70 (Moorthy et al., 2000) as reference for equivalent sample loading of each lysate. The expected 200 kDa, 160 kDa
SAX-7 bands are seen in wild-type lysates (Chen et al., 2001). The 65-kDa band detected by the 6991 antibody is thought to be the C-terminal SAX-7
polypeptide resulting from possible post-translational cleavage at a site in the third FNIII repeat (Chen et al., 2001). The 200-kDa isoform is dramatically
reduced in eq2 lysates; instead, a novel 180 kDa SAX-7 polypeptide (arrow) is detected in eq2 lysates. All SAX-7 polypeptides are reduced to background
levels in ky146 and eq1 lysates. (B) SAX-7 immunolocalization in whole animals shows SAX-7 in neuronal and non-neuronal tissues in both wild-type and
eq2 animals. (i) SAX-7 in wild-type animals is detected in the nerve ring and ventral nerve cord (small arrow), the pharynx (arrowhead), and the gonad (big
arrow). SAX-7 is detected in the ky146 nervous system (iii); arrows point to SAX-7 accumulation in the nerve ring and the ventral nerve cord but the pharynx
(arrowhead) does not show SAX-7 staining. No SAX-7 is detected in eq1 animals (iv); for reference, the arrowhead points to pharynx. All images were taken
with the same exposure times. Scale bar: 50 Am.
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head), the gonad (big arrow), and the nerve ring and ventral
nerve cord (arrow). eq2 mutant animals showed a similar
staining pattern (Fig. 2Bii), suggesting that localization of
SAX-7S, SAX-7CT, and the novel 180 kDa SAX-7 product
in eq2 animals overlaps with that of SAX-7L.
Interestingly, ky146 animals showed positive SAX-7
staining despite the premature stop mutation; this staining
was observed in the nervous system but was barely
detectable elsewhere. SAX-7 accumulation in ky146
animals (Fig. 2Biii) can be detected in the nerve ring and
the ventral nerve cord (arrow) but not in the pharynx
(arrowhead). The exposure times of the images in Fig. 2B
were identical, indicating that the level of SAX-7 in the
ky146 nervous system is significantly above background
levels. The SAX-7 staining in ky146 animals suggests the
presence of SAX-7 messages that splice out or bypass thestop mutation. To distinguish between these two possibil-
ities, we performed PCR on oligo dT-reverse-transcribed
messenger RNA (mRNA) isolated from ky146 animals
using sax-7 specific primers to amplify sax-7 transcripts
that span the ky146 mutation. We found a low level of sax-
7 transcripts in ky146 animals (data not shown) but did not
detect any unique transcripts that would have had the exon
containing the ky146 mutation spliced out. We sequenced
the PCR products and found that these sax-7 transcripts did
indeed contain the ky146 lesion. This result suggests that
the SAX-7 protein detected in the immunofluorescence
studies is likely a result of occasional read-through of the
stop codon, an event that has previously been reported for
other genes containing nonsense mutations (Singson et al.,
1998; Hill et al., 2000).
Because both the Western blot and immunofluorescence
analyses described above did not allow us to determine if a
X. Wang et al. / Developmental Biology 284 (2005) 273–291 279truncated form of SAX-7 is produced in eq1 mutants, we
genetically assessed whether eq1 behaves as a null allele
(Table 1). We generated eq1 hemizygous animals containing
eq1 in trans with stDf7, a chromosomal deletion that
removes several genes including sax-7 (Chen et al., 2001).
eq1 hemizygous animals are indistinguishable from animals
homozygous for eq1, suggesting that eq1 animals are
genetically null for sax-7. In contrast, ky146/stDf7 and
ky146/eq1 animals displayed phenotypes more severe than
those displayed by ky146 homozygotes, indicating that
ky146 animals are not genetically null for sax-7 (Table 1).
This result is consistent with our results of the immuno-
fluorescence and RT-PCR studies that show positive sax-7
expression in ky146 mutants.
sax-7 mutant phenotypes
Of the three sax-7 alleles, animals homozygous for eq1
exhibit the most severe phenotypes (Table 1). eq1 animals
are generally thin, slow growing, and display uncoordi-
nated (Unc) movements with a tendency to coil (Fig. 3B).Fig. 3. Differential interference contrast (DIC) images of wild-type (A, C, E) and eq1
wild-type animals do not coil, only the head of an animal can be seen in the field
gonads are filled with unlaid embryos (D) unlike wild-type animals (C), which have
to the vulva while the arrow in (D) points to a larva that has already hatched inside t
to the intestine at the base of the pharynx where the intestinal lumen is filled and ex
that is narrow and clear of bacteria in wild-type animals. Notice that eq1 animalsIn addition, eq1 animals are egg-laying defective (Egl) and
thus carry many more unlaid embryos than do wild-type
animals (Fig. 3D). 80% of the eq1 adults (n = 85) die
prematurely as a result of unlaid embryos that hatch
internally (arrow in Fig. 3D). eq1 animals that do not die
prematurely have a small average brood size of 80
progeny (embryos laid), as compared to about 300
progeny with wild-type animals. eq1 animals also are
constipated (Con) and can be scored easily by the pale
appearance of their intestines, which are enlarged and
filled with ingested bacteria (arrow in Figs. 3B and F). In
contrast to eq1 animals, ky146 animals are generally wild-
type in behavior with a barely detectable Unc phenotype,
thus indicating that animals suffering from a dramatic loss
of full-length SAX-7, as in ky146 animals, can still
function relatively normally. eq2 mutant animals are
virtually indistinguishable from wild-type animals in
behavior. The multiple phenotypes exhibited by eq1
animals, including those not exhibited by ky146 animals,
are rescued by the cosmid C55E8, which contains the sax-
7 gene (Table 1).adults (B, D, F). eq1 animals are Unc and coil onto themselves (B). Because
of vision at the same magnification (A). eq1 animals are Egl, and thus their
few unlaid embryos inside their gonads. The arrowheads in (C) and (D) point
he eq1 animal. eq1 mutant animals are also Con. Arrows in (B) and (F) point
panded with ingested bacteria. The arrow in (E) points to the intestinal lumen
(F) are thinner than wild-type animals (E). Scale bar: 25 Am.
X. Wang et al. / Developmental Biology 284 (2005) 273–291280Progressive neuronal cell body displacement and abnormal
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The Unc, Egl, and Con phenotypes displayed by eq1
animals are suggestive of defects in muscle and/or theFig. 4. A panel of images showing neuronal displacement in eq1 adult animals. (
wild-type (A) and an eq1 (B) adult animal. The arrows point to the two neurons V
neurons in the ventral nerve cord marked by UNC-129::GFP are superimposed on
marks the vulva. Of the two unc-1297::gfp expressing neurons that flank the vulv
vulva is seen anterior to the vulva in 80% of eq1 adult animals (D). Dopaminerg
wild-type (Ei, ii) and an eq1 (Fi, ii) adult animal. In (E), four dat-1-expressing C
bulb (large arrowhead) and two dat-1-expressing ADE neurons (double arrowhea
different focal planes of the same wild-type animal; one ADE neuron cannot be se
neurons is more posteriorly placed (arrows) at the base of the terminal bulb (larg
neuron is located much more posterior of the base of the pharyngeal terminal
superimposed on a DIC image of a wild-type (G) and an eq1 (H) adult animal, sho
vulva (arrowhead) in eq1 animals. Scale bar: 20 Am.nervous system (Thomas, 1990; Rand and Nonet, 1997). To
assess eq1 muscle integrity, we immunostained eq1 adult
animals with antibodies MH25, MH24, and 5–6, which
recognize h-integrin, vinculin, and myo-3 myosin, respec-
tively (Francis and Waterston, 1985; Gettner et al., 1995;A) The positions of GABA neurons expressing unc-47::gfp are shown in a
D11 and VD12 that are displaced in 95% of eq1 animals (n = 50). Motor
DIC images of a wild-type (C) and an eq1 (D) adult animal. The arrowhead
a in wild-type animals (marked by arrows in C), the neuron posterior to the
ic neurons marked by DAT-1::GFP are superimposed on a DIC image of a
EP neurons (arrows) are positioned just anterior of the terminal pharyngeal
ds) are located just posterior of the terminal pharyngeal bulb (i and ii show
en in the focal planes shown). In the eq1 animal shown (Fii), a pair of CEP
e arrowhead). In a different focal plane of the same eq1 animal, one ADE
bulb (double arrowhead in Fii). HSN neurons marked with arrestin::GFP
ws that HSN neurons (arrows) are normally positioned just posterior to the
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body wall, vulval, and enteric muscles; the architecture and
attachment of these muscles appear normal. In addition to
properly positioned wild-type looking vulval muscles, vulval
development in eq1 animals appears wild-type, indicating
that the Egl phenotype is not due to abnormal vulval
formation (data not shown).
We next examined the integrity of the eq1 nervous system
with different neuronal GFP markers, which included unc-
47::gfp (McIntire et al., 1997), unc-129::gfp (Colavita et al.,
1998), and dat-1::gfp (Nass et al., 2002) to visualize GABA,
cholinergic, and dopaminergic neurons, respectively. We
determined that neuronal cell fate specification is notFig. 5. Graphs comparing the percentage of animals exhibiting displaced (A)
commissures in wild-type, eq1, ky146, and eq2 animals at various larval and adu
each marker. As there is a slight variability in neuronal positioning in wild-type ani
neuron was counted as having the neuronal displacement phenotype. Graphs comp
(F) skewed commissures, respectively, in eq1 adult animals transformed with co
hypodermis, M = body wall muscle). n = 100 for each transgenic line. As referen
GABA neuronal cell bodies and commissural axons are shown. Stippled boxes: we
of displacement phenotype.defective in eq1 mutants as we observed wild-type numbers
of each neuronal type in eq1 animals. However, we found
abnormal positioning of neuronal cell bodies in eq1 adult
animals (n = 50 for each marker) (Figs. 4B, D, F).
Possible causes for the neuronal displacement include
defective cell migration or abnormal maintenance of neuro-
nal position. To distinguish between these possibilities, we
examined eq1 animals at the L1 and L2 larval stages as well
as the adult stage (n = 50 for each marker at each
developmental stage) to determine if the displaced neuron
phenotype was also exhibited in younger animals. Neuronal
positioning was generally normal in L1 stage eq1 mutant
larvae (Figs. 5A–C), indicating proper neuronal placement atGABA, (B) cholinergic, and (C) DOPA neurons, as well as (D) skewed
lt stages. We examined at least 50 animals at each developmental stage for
mals, only sax-7 mutant animals displaying one or more obviously displaced
aring the percentage of animals exhibiting displaced (E) GABA neurons and
nstructs expressing SAX-7L in different tissues (N = nervous system, H =
ce, the % of untransformed wild-type and eq1 adult animals with displaced
ak or no rescue of displacement phenotype; striped boxes: significant rescue
Fig. 6. ky146 and eq1 animals exhibit abnormal DD and VD axons as seen with the unc-47::gfp reporter. (A) Skewed and sinuous commissural axons (arrows)
can be seen in eq1 and ky146 L3-staged larvae in contrast to the commissural axons in wild-type and eq2 L3-staged larvae, which appear as relatively straight
lines parallel to one another. (B) ky146 and eq1 adult animals show ectopic sprouting and abnormal axon branching (arrows) that terminate and do not appear
to form any synaptic targets. Scale bars: 30 Am.
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neurons. Moreover, there was an increase in the number of
eq1 animals at the adult stage exhibiting displaced neurons
(Figs. 5A–C). The displaced neurons include those that are
born during embryogenesis (e.g., DD and CEP), as well as
those that are born post-embryonically (e.g., VD) (White et
al., 1986). This correlation between age and the number of
eq1 animals exhibiting neuronal displacement suggests that
eq1 animals may be defective in maintaining the position of
neuronal cell bodies. Cells that undergo long-range migra-
tion, such as the hermaphrodite specific neurons (HSNs) and
sex myoblasts, migrate normally, indicating that cell migra-
tion is not defective in eq1 animals. Interestingly, HSNs (Fig.
4H) and sex myoblast descendents (data not shown) do not
appear to be displaced. ky146 animals similarly display this
neuronal displacement phenotype in GABA, cholinergic, and
dopaminergic neurons (Figs. 5A–C). Neuronal positioning
in eq2 animals was generally normal except for some
displacement in GABA neurons (Figs. 5A–C).Table 2
Table showing the percentage of sax-7 and wild-type adult animals exhibiting di
Genotype Commissure
trajectory (%)
ng Comm
L/R sid
Wild type 0 47 1.9%
eq2/eq2 2 43 N.D.
ky146/ky146 71 45 18.3%
eq1/eq1 44 54 38.9%
ng shows the number of animals examined for abnormal axon trajectories, nL/R
migrating on the opposite side of the animal, nb shows the number of animals exIn addition to the neuronal displacement phenotype, both
eq1 and ky146 adult animals display abnormal VD and DD
commissural axon trajectories as observed using the unc-
47::gfp reporter (Fig. 6A; Table 2). In wild-type embryos,
DD and VD commissural axons extend dorsally between the
lateral hypodermis and the basal lamina in a generally direct
circumferential path so that the commissures in wild-type
larvae and adult animals appear as generally parallel lines
(Fig. 6A). In eq1 and ky146 adult animals, the commissures
are extended fully from the ventral to the dorsal nerve cords;
however, the region of the commissural axons between the
ventral and dorsal endpoints appear more skewed and
sinuous, as though the path taken by the commissures is less
direct. This abnormal axon phenotype is first detected in the
L3-staged eq1 and ky146 larvae while commissures in the
L1- and L2-staged larvae appear generally parallel to one
another as in wild-type L1- and L2-staged larvae (Fig. 5D).
Furthermore, the severity of the phenotype (i.e., the number
of skewed axons and the level of sinuosity) appears tofferent axon defects
issure
edness
nL/R Ectopic
branching (%)
nb
53 5.0 80
N.D. 5.9 85
82 26.0 77
72 25.0 73
shows the number of animals examined for abnormal number of axons
amined for ectopic axonal branching. N.D. indicates ‘‘not determined’’.
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together, these results suggest that while eq1 and ky146
animals are wild type with respect to axon pathfinding, they
may be defective in maintaining placement of the commis-
sural axons along the lateral hypodermis and/or basal lamina
between the ventral and dorsal endpoints. Consistent with
this hypothesis is the fact that ky146 was previously
identified in an independent screen as having defects in
the maintenance of nerve ring placement (Zallen et al.,
1999).
In wild-type animals, 17 of the 19 DD and VD
commissural axons migrate dorsally out of the ventral nerve
cord on the right hand side of the animal to reach the dorsal
nerve cord, although there is slight variability in this
stereotypical sidedness taken by the commissures (McIntire
et al., 1992). In eq1 and ky146 animals, there is an increase
in the number of axons growing out of the ventral nerve
cord on the left side of the animal to reach the dorsal nerve
cord (Table 2). Indeed, 38.9% of eq1 animals (n = 67) and
18% of ky146 animals (n = 72) show one to six additional
commissures migrating on the left side of the animal. In
addition to this abnormality with respect to sidedness, eq1
and ky146 animals also display ectopic sprouting and lateral
branching of DD and VD commissural axons (Fig. 6B;
Table 2); these axonal branches and sprouts do not appear to
synapse with targets. Using the unc-47::gfp reporter, we
found that eq1 and ky146 adult animals do not display any
obvious fasciculation defects in the ventral and dorsal nerve
cords.
SAX-7 requirement in the nervous system, hypodermis, and
body wall muscles in positional maintenance of neuronal
cell bodies and axons
Because sax-7 is broadly expressed in C. elegans, we
cannot discern if the displaced neurons and skewed axonal
phenotype is a result of the lack of SAX-7 in the nervous
system and/or in other tissues such as the hypodermis. In
order to determine which tissue requires SAX-7 to maintain
proper cell and axon positioning, we expressed the canon-
ical SAX-7 isoform (SAX-7L) in the eq1 nervous system,
hypodermis, and/or muscle, using the pan-neuronal unc-119
promoter, dpy-7 hypodermal promoter, and the myo-3
muscle promoter, respectively. These particular tissues were
chosen because motor neurons and their commissural
processes lie adjacent to them and thus may be attached to
the hypodermis and/or the body wall muscle basement
membrane (White et al., 1986; reviewed in Hobert and
Bulow, 2003) (Fig. 10). Immunolocalization of SAX-7 was
performed on all transgenic animals to confirm respective
tissue-specific expression and wild type localization of
SAX-7L.
Neuronal expression of SAX-7L showed slight rescue of
the displaced neuronal cell body phenotype in eq1 animals
while hypodermal- or muscle-specific SAX-7L expression
showed no significant rescue (Fig. 5E). No rescue was seenwith SAX-7L expression in both hypodermis and body wall
muscle (Fig. 5E) as well. In contrast, neuronal and either
hypodermal or muscle SAX-7L expression showed signifi-
cant rescue. The most significant rescue was seen when
SAX-7L was expressed in all three tissues (nervous system,
hypodermis, and muscle). The skewed axon phenotype
similarly shows robust rescue when SAX-7L is expressed
in all three tissues but no rescue was observed when SAX-7L
is expressed in single or in any two of the three tissues. Taken
together, these results indicate that SAX-7L is required in the
nervous system, hypodermis, and muscle to ensure posi-
tional maintenance of neuronal cell body and axon position.
Aldicarb and levamisole resistance in sax-7(eq1) animals
The observation that eq1 and ky146 animals exhibit
equally severe neuronal displacement and abnormal com-
missural axons suggests that these phenotypes are not the
cause of the coiling Unc, Egl, and Con phenotypes exhibited
by eq1 animals as these phenotypes are not shared by ky146
animals. Interestingly, C. elegans mutants that are defective
in synapse transmission often exhibit these similar pheno-
types (Thomas, 1990; Rand and Nonet, 1997). Mutants such
as cha-1 and unc-17 that have impaired acetylcholine
synapse transmission are Unc with a tendency to coil, Egl,
and Con, as well as thin and slow growing, like eq1 animals
(Rand and Russell, 1984; Alfonso et al., 1993). To
determine if eq1 animals have defects in synaptic activity,
we assayed eq1 animals for resistance to aldicarb and
levamisole, drugs that render wild-type animals paralyzed
but have little effect on C. elegans mutants that are defective
in synapse transmission (Miller et al., 1996). eq1 but not
ky146 or eq2 animals showed significant resistance to both
aldicarb and levamisole (Fig. 7), suggesting eq1 animals
may have defects in synapse transmission that result in the
Unc, Egl, and Con behaviors. eq1/ky146 animals also
showed partial resistance to aldicarb. Together, these results
suggest that SAX-7 may play a role in synapse function.
Abnormal gonad morphology in sax-7(eq1) animals
In addition to defects in the nervous system, eq1 animals
also exhibit abnormal gonad morphology. The C. elegans
hermaphrodite gonad is a bi-lobed U-shaped organ, the
distinct shape of which is a result of the characteristic
migratory path taken by the distal tip cell (DTC) located at
the tip of each gonad arm during larval development (Figs.
8A, B) (Kimble and Ward, 1988). The two gonad arms, led
by the DTCs, migrate during the first three larval stages
from the center of the animal in opposite directions
(anterior versus posterior) along the ventral side of the
body. At the L3 larval molt, the DTCs turn dorsally, reflex,
and continue to migrate along the length of the body. DTC
migration ends when the DTCs reach the middle of the
body near their migration start point, the site where the
vulva forms (Kimble and Ward, 1988). Uncharacteristic
Fig. 7. eq1 animals show significant resistance to 0.75 mM–1.5 mM aldicarb (A), similar to acetylcholine-transmission defective mutants cha-1(n2411) and
ric-3(md158). eq1/ky146 animals, tested only on plates containing 1.0 mM aldicarb, showed partial resistance. eq2 and ky146 animals show similar levels of
sensitivity to aldicarb as wild-type animals. n = 370 for each genetic strain tested except for eq1/ky146 animals where n = 100. eq1 but not ky146 and eq2
animals show significant resistance to levamisole (B); (C) Levamisole resistance of eq1 animals is compared to control mutants, cha-1(n2411) and ric-
3(md158). ric-3 is required for proper acetylcholine receptor function (Halevi et al., 2002); as expected, ric-3(md158) is completely resistant to levamisole.
cha-1(n2411) mutants have reduced acetylcholine (Alfonso et al., 1994) but wild-type acetylcholine receptor function, thus cha-1(n2411) mutants are
sensitive to levamisole, similar to wild-type animals; n = 100 for each genetic strain assayed.
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cells can thus be easily detected by the resulting deviant
gonad.
49% of eq1 adult animals (n = 68) exhibit abnormal
gonad morphology (Figs. 8C, D). eq1 adult animals
exhibit gonads that have uncharacteristic loops, which
suggest abnormal DTC migration. We examined gonad
development in younger eq1 animals and determined that
DTC migration is normal through the L4 larval molt (n =
67); no uncharacteristic loops in the gonad were seen in
eq1 larvae, indicating that DTC migration is essentially
wild-type in eq1 animals. Another possible explanation forthe abnormal gonad phenotype is uncontrolled growth of
the gonad, resulting in buckling of the gonad arms due to
the lack of space. We compared the average length of
wild-type gonads (1.173 mm T 0.084 mm (n = 15)) to eq1
gonads (1.051 mm T 0.103 mm (n = 21); they are not
statistically dissimilar. We also compared the average ratio
of gonad length to body length of wild-type animals
(1.113 T 0.09 (n = 15)) to eq1 animals (1.086 T 0.07 (n =
21)); again, they are not statistically dissimilar. These
results indicate that uncontrolled growth of the gonad is
not the cause for the abnormal gonad morphology
exhibited by eq1 animals. Taken together, we hypothesize
Fig. 8. eq1 animals display abnormal gonad morphogenesis. (A) A cartoon of a wild-type animal and its bi-lobed gonad with the distal tip cells (DTC) located
at the tips of each gonad arm (white arrow represents anterior DTC, black arrow represents posterior DTC, a is for anterior, p is for posterior of animal). The
vulva is shown as a black circle. DIC images of wild-type (B) and eq1 (C and D) gonads are shown. The white triangle points to the vulva, while the white and
black arrows point to the respective anterior and posterior DTC. The numbered thin arrows show the turns and twists of the gonad arm. To the left of each DIC
image is a corresponding schematic of the animal opened dorsally and spread out, displaying the position of the gonad arms marked as white and black arrows
for the respective anterior and posterior gonad arm. VR: ventral right, DR: dorsal right, VL: ventral left, DL: dorsal left. The numbers on the schematic
correspond to the numbered arrows in the DIC image showing the twists and turns of the gonad arms. Only the posterior gonad arm is shown in (B and C). In
(D), the posterior and part of the anterior gonad arm is shown; the vulva is anterior of turn #3 of the anterior gonad arm, and is thus not in the field of vision in
the DIC image. Scale bar: 50 Am.
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of the gonad arms. Abnormal gonads were not observed in
ky146 or eq2 animals.
Defective morphogenesis and muscle detachment in
sax-7(eq1) and sax-7(ky146) embryos
eq1 and ky146 animals both produce a significant
number of dead embryos. Only 60% of eq1 (n = 658) and
ky146 (n = 3267) progeny hatch and develop into fertile
adults, while the remaining 40% of the progeny arrest as
embryos. 7.7% of these embryos arrested as unorganized
balls of cells, 79.7% arrested at the 1.5-fold to 2-fold stage,
and 12.4% arrested at the 3-fold stage. Many of the 1.5-fold
arrested embryos exhibit uncharacteristic bumps in body
shape with 25% of them undergoing body ruptures as
observed via time-lapse video microscopy. The ball-of-cells
phenotype, the 1.5-fold arrested embryos showing abnormal
body morphology and body ruptures indicate defects in
morphogenesis.Unlike the 1.5-fold embryos, embryos that arrest at the 2-
and 3-fold stages show no abnormal bodymorphology. Time-
lapse video microscopy revealed that the 2-fold arrested
embryos exhibit only weak and uncoordinated twitching at
around the 1.75-fold stage. These twitching movements
never progress to strong coordinated rolling movements at
the 2-fold stage, in contrast to wild-type embryos. Interest-
ingly, many mutants with defects in muscle attachment or
function such as let-805 and hlh-1 mutants show both weak
twitching movements and an elongation arrest at the 2-fold
stage (Hresko et al., 1999; Chen et al., 1994). The 3-fold stage
arrested sax-7 embryos, on the other hand, show robust
rolling movements that are reduced to a weak twitching when
they arrest. Because these 3-fold stage embryos have under-
gone elongation and show no abnormal body morphology,
morphogenesis in these embryos appear generally normal.
However, their weak twitches suggest defects in muscle.
Taken together, these phenotypes suggest that the 2- and 3-
fold arrested embryos may have defects in muscle. To
determine whether SAX-7 also plays a role in muscle
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muscle development in eq1 and ky146 arrested embryos. We
immunostained these embryos with the 5–6 and MH25
monoclonal antibodies, which recognizeMYO-3 myosin and
h-integrin, respectively (Miller et al., 1986; Francis and
Waterston, 1985). 95% (n = 214) of the arrested embryos
exhibited detached muscles (Fig. 9). These results indicate
that in addition to participating in morphogenesis, SAX-7
may also play a role in muscle attachment in embryos.
Interestingly, the remaining 60% of eq1 and ky146 embryos
hatch and develop into adults that do not show muscle
detachment (Fig. 9C). In contrast to eq1 and ky146 animals,
eq2 animals did not show any embryonic lethality (n = 1491).
The embryonic phenotypes suggest that SAX-7 is
required for both morphogenesis and muscle attachment.
Morphogenesis requires the coordinated movements of
hypodermal cells while muscle attachment requires coordi-
nated assembly of a variety of proteins that are expressed in
both hypodermis and body wall muscles (reviewed in
Hresko et al., 1999; Broday et al., 2004; Hardin and
Lockwood, 2004). Thus the embryonic lethality of eq1 and
ky146 animals underscores the importance of SAX-7
function in the hypodermis and/or muscle. SAX-7 expres-
sion in both tissues in wild-type animals does not allow us to
determine which tissue requires SAX-7 function for embry-
onic viability. Thus, we used tissue-specific promoters toFig. 9. (A) A DIC image of a range of eq1 arrested embryos. These include disor
(black arrow), and the 3-fold embryos (not shown). The 1.5-fold arrested embryos
display similar phenotypes. The panel of images in (B) show arrested ky146 e
detachment (arrows). eq1 and ky146 embryos that survive embryogenesis and h
muscle architecture as shown in (C): immunostaining of eq1 adult body wall m
structure (H) is normal and similar to wild-type muscle (G). h-integrin is localize
marked by long arrows). Scale bar: 30 Am in (A) and (B), 10 Am in (C).express SAX-7L in body wall muscle and/or hypodermis and
determined that SAX-7L expressed in either the hypodermis
or muscle is sufficient to completely rescue the embryonic
lethality (n = 450 for each transgenic strain). Indeed, the 3–
4% of arrested embryos produced from each transgenic strain
showed no SAX-7 expression as determined via SAX-7
immunolocalization with the 6991 antibody.Discussion
The sax-7(eq1) mutant as a model system to study L1CAM
functions and the CRASH syndrome
We have conducted a genetic characterization of sax-7 to
determine functions of L1CAMs in C. elegans. sax-7 loss-
of-function mutant animals exhibit variably penetrant
pleiotrophic phenotypes that include uncoordinated move-
ments, abnormal tissue morphology, embryonic lethality,
and poor fertility. Our analysis of these phenotypes revealed
several remarkable similarities with the CRASH syndrome
resulting from impaired or loss of L1 function in humans
and mice. In particular, CRASH symptoms are variably
penetrant, even in patients that carry the same molecular
lesion (reviewed in Kenwrick et al., 2000). Moreover, loss
of L1 results in variable pre- and peri-natal death in humansganized balls of cells (arrowhead), as well as 1.5-fold (white arrow), 2-fold
showed abnormal body morphology. Both eq1 and ky146 arrested embryos
mbryos immunostained for myo-3 and pat-3 h-integrin, revealing muscle
atch develop into adults that do not show muscle detachment or abnormal
uscle with the MH25 antibody against h-integrin shows that eq1 muscle
d to dense bodies (puncta marked by short arrows) and the M lines (lines
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(Dahme et al., 1997; Cohen et al., 1998). These striking
parallels indicate conserved function of L1CAMs, and thus
reveal the value of the sax-7 mutant animals as a simple
genetic model to dissect the functions and mechanisms of
L1CAMs to better understand the etiology of the CRASH
syndrome.
Role of sax-7 in neuronal tissue attachment
Our studies revealed abnormalities in neuronal distribu-
tion, commissural axon trajectories, and gonad morphology
in sax-7 mutant animals, as well as detached muscles and
abnormal morphogenesis in the arrested sax-7 embryos. In
sax-7(eq1) and sax-7(ky146) mutant animals, both embry-
onic and postembryonic neurons and their commissures are
initially positioned properly but become displaced with
time. Similarly, the abnormal gonad morphology observed
in eq1 adults was detected only after completion of normal
DTC migration. The progressive manner in which these
phenotypes are manifested suggest a maintenance defect in
the positioning of these cells and tissues. Consistent with
this hypothesis is the fact that the ky146 mutant was
previously identified in an independent screen as having
defects in the maintenance of nerve ring placement (Zallen
et al., 1999). Abnormal distributions of dopaminergic
neurons have also been detected in L1 knockout mice
(Demyanenko et al., 2001). While the cause for this altered
neuronal distribution is not known, defects in maintaining
neuronal positioning have not been ruled out.
How does impaired or loss of sax-7 function cause
defects in positional maintenance? Previous cell culture
studies showed that vertebrate L1CAMs and Drosophila
neuroglian can mediate cell adhesion as a homophilic cell
adhesion molecule or via heterophilic interactions with a
variety of proteins that include extracellular matrix (ECM)
proteins (reviewed in Haspel and Grumet, 2003; Hortsch et
al., 1995). More recently, an independent SAX-7 study
showed that SAX-7 can act as a homophilic cell adhesion
molecule in cultured cells (Sasakura et al., 2005). Thus,
SAX-7 may mediate cell adhesion of the tissues displaced in
sax-7 mutant animals via homophilic interactions with
SAX-7 proteins expressed in other cells, or via heterophilic
interactions with as yet unidentified proteins expressed in
other cells or the ECM.
Rescue of the neuronal displacement phenotype in eq1
animals with SAX-7L expression in the nervous system,
hypodermis, and body wall muscle suggests that SAX-7L
mediates cell adhesion between the neurons and both the
hypodermis and body wall muscles. While not as dramatic,
rescue also is seen when SAX-7L is expressed in neurons
and either the hypodermis or muscle, which is consistent
with our hypothesis. The weak but significant rescue when
SAX-7L is expressed in only the nervous system suggests
that local adhesion between neuronal cell bodies along the
ventral midline contributes to positional maintenance. Incontrast, rescue of the skewed axon phenotype requires
SAX-7L to be expressed in all three tissues; no rescue is
seen when SAX-7L expression in any one of the three tissue
is absent. This more stringent requirement for SAX-7L in
the axons is likely due to the fact that adhesion is more
critical in lone commissural axons, which extend over great
distances and are more exposed to internal and external
forces.
Although SAX-7L expressed in all three tissues signifi-
cantly rescues the neuronal and axon phenotype, the rescue is
not complete. While these transgenic animals show apparent
wild type SAX-7L levels and localization inappropriate
SAX-7L expression not obvious via immunofluorescence
techniques may be a cause for the inomplete rescue.
Another possibility may be that SAX-7L expression in
additional tissues may be required. Yet another and more
likely possibility is that SAX-7S also is required to
maintain neuronal positioning. Indeed, eq2 animals which
have normal levels of SAX-7S are generally wild-type
respect to the neuronal and commissural axon displace-
ment phenotype. Moreover, the study by Sasakura et al.
(2005) showed that SAX-7S could better rescue sensory
neurons displaced in sax-7 mutant animals as compared to
SAX-7L.
It is surprising that body-wall muscle expression of SAX-
7L is important to maintain neuronal cell body positioning,
as body wall muscles are not adjacent to motor neuron cell
bodies located in the ventral midline (Fig. 10A) (White et
al., 1986). One simple hypothesis to explain this result is
that SAX-7L expressed in the muscle is cleaved, resulting in
an N-terminal extracellular cleavage product that is incor-
porated into the basement membrane overlaying the nervous
system where it may act as a substrate for SAX-7 expressed
in the neuronal cell bodies and commissural axons.
Vertebrate L1 and NrCAM have been shown to undergo
such a post-translational cleavage event that can result in the
incorporation of the cleaved extracellular product in the
ECM (reviewed in Haspel and Grumet, 2003). The third
FNIII repeat in SAX-7 contains a conserved post-transla-
tional cleavage motif (Chen et al., 2001), which if
processed, will produce an extracellular N-terminal product
comprised of six Ig and 2 1/2 FNIII domains (SAX-7N), and
the 65 kDa C-terminal SAX-7 product (SAX-7CT) (see
Figs. 1Biii, iv). Consistent with this hypothesis, the ECM
protein nidogen is expressed in muscle, but is required to
correctly position longitudinal axons in the ventral midline
(Kim and Wadsworth, 2000; Kang and Kramer, 2000).
The simplest model to explain how SAX-7 functions to
maintain neuronal and axonal positioning is as follows.
SAX-7 expressed in the neuronal cell body and commis-
sures may interact homophilically with SAX-7 expressed in
the hypodermis and SAX-7N that is incorporated in the
basement membrane (Fig. 10Bi). Alternatively or addition-
ally, an unidentified molecule may bind and link SAX-7
expressed in neurons to SAX-7 in the hypodermis or SAX-
7N in the basal lamina to mediate adhesion between the
Fig. 10. (A) A schematic cross section of an adult animal showing the motor neuron cell body and its commissure in relation to other tissues (White et al.,
1986). A motor neuron cell body (black) is positioned in the ventral midline between the hypodermal ridge (grey) and basal lamina (pink, stippled). The
commissural axon of the motor neuron (black line) extends dorsally between the hypodermis and basal lamina to join the dorsal nerve cord in the dorsal
midline. The basal lamina and/or the hypodermis acts as a substratum for axon migration (Durbin, 1987). (B) A schematic of two possible models for how
SAX-7 may function to mediate neuronal attachment to the hypodermis and the basal lamina. SAX-7 may form homophilic interactions between SAX-7
molecules in the neuron and the hypodermis and basal lamina (i). Alternatively or additionally, SAX-7 may function as a heterophilic cell adhesion molecule by
binding to as yet unidentified protein X (ii). (C) A model of how SAX-7 functions in embryonic morphogenesis and body wall muscle attachment. In brief,
SAX-7 expressed in the hypodermis and body wall muscle is cleaved, producing SAX-7N that is incorporated into the basal lamina where it acts as a
heterophilic cell adhesion molecule to bind to as yet unidentified protein X expressed in body wall muscles and the hypodermis.
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proteins previously shown to be required to maintain axonal
position in the ventral midline in C. elegans. In particular,
zig-4 and egl-15, which like sax-7, belong to the Ig
superfamily and thus could conceivably bind SAX-7
(Aurelio et al., 2002; Bulow et al., 2004). Interestingly,
egl-15, the C. elegans fibroblast growth factor receptor
(FGFR), was previously shown to be required for SAX-7
phosphorylation (Chen et al., 2001). Moreover, neuroglian
and the heartless FGFR were shown to genetically interact
in Drosophila (Forni et al., 2004).Potential role of sax-7 in regulating synaptic activity
In addition to displaced neurons and axons, eq1 but not
ky146 animals are also Unc, Egl, and Con. This difference
between the two alleles is likely due to the fact that eq1
behaves as a genetic null but ky146 is not a null allele. It is
unclear as to why the putative null alleles described by the
Sasakura et al. are not Unc. One reason may be that these
alleles are not genetically null. Indeed, we have determined
that ky146 is not a null allele despite the fact that it is a
premature stop mutation and Western blotting cannot detect
X. Wang et al. / Developmental Biology 284 (2005) 273–291 289the SAX-7 polypeptides present in ky146 lysates. Alter-
natively, it is formally possible that eq1 is a recessive gain-
of-function allele. However, such alleles are rare. Moreover,
animals homozygous for tm1448, another sax-7 allele
isolated independently in the Mitani laboratory, are Unc
like eq1 animals. While we have determined that tm1448 is
a deletion that appears to result in a premature stop, more
experiments are needed to determine if tm1448 is a genetic
null allele.
There appears to be a correlation between the eq1 Unc
phenotype and resistance to the drugs aldicarb and
levamisole. Indeed, eq1 and ky146/eq1 animals are both
Unc and resistant to aldicarb. Our preliminary analysis
indicates that tm1448 animals, which are Unc, are also
resistant to aldicarb. On the other hand, ky146 and eq2
animals are not Unc and do not show aldicarb resistance.
Taken together, these data suggest that sax-7 mutants, such
as eq1 and tm1448, may be defective in synaptic activity.
While this hypothesis is intriguing, more studies will have
to be performed to confirm such a role for sax-7. Although
L1 has been identified at both murine pre- and post-
synapses (Jenkins et al., 2001; Matsumoto-Miyai et al.,
2003) the presence of SAX-7 at synapses is not clear.
Detection of highly localized SAX-7 in the pre and
postsynapse has been extremely challenging because
SAX-7 appears evenly localized in the plasma membrane
throughout axons and body wall muscles. Although there is
no obvious defect in eq1 adult body wall muscles, it is still a
formal possibility that defects in muscle function unrelated
to synapse transmission may be the cause for the eq1 Unc,
Egl, and Con phenotypes and resistance to aldicarb and
levamisole, particularly since eq1 embryos showed defec-
tive muscle.
The potential role of L1CAMs in synaptic function has
been suggested in previous studies. Mice with a conditional
L1 knockout in the postnatal brain show increased basal
excitatory synaptic transmission, which is thought to be a
result of increased postsynaptic response generated by an
axon (Law et al., 2003). In addition, a recent study showed
that L1-deficient mice exhibited reduced GABAergic trans-
mission as well as smaller active zones of these synapses, as
detected by ultra-structural studies (Saghatelyan et al.,
2004).
Cell adhesion molecules functioning in the synapse have
previously been identified. Drosophila cadherin and integ-
rin have been shown to play a role in synapse maturation
and short-term memory, respectively (Iwai et al., 2002;
Grotewiel et al., 1998). As a cell adhesion molecule, SAX-7
may potentially function to establish or maintain synapses.
Structural defects in the synapse could thus result in
defective synapse transmission.
SAX-7 is required for embryogenesis
Time-lapse video microscopy indicates that the variable
embryonic lethality exhibited by eq1 and ky146 animals islikely a result of defective morphogenesis and body wall
muscle attachment. In contrast to the neuronal displacement
phenotype, eq1 embryonic lethality is completely rescued
when SAX-7L is expressed in either the hypodermis or
body wall muscles, indicating SAX-7L function in either
tissue is sufficient for embryogenesis. Based on these
results, we hypothesize that SAX-7 functions in morpho-
genesis and muscle attachment in the following fashion:
SAX-7L expressed in the hypodermis or body wall muscle
is cleaved, releasing SAX-7N into the basal lamina where
SAX-7N interacts with as yet unidentified molecules
expressed in the hypodermis and muscle (Fig. 10C).
It is surprising that loss of sax-7 does not result in a more
severe embryonic phenotype, particularly since sax-7 is
expressed as early as in the two-cell stage embryo (Chen et
al., 2001). The C. elegans cell adhesion molecules, HMR-1
cadherin and PAT-3 h-integrin, unlike SAX-7, are essential
for C. elegans for embryogenesis; loss of the HMR-1 or
PAT-3 show complete embryonic arrest with defects in
ventral enclosure and muscle development, respectively
(Costa et al., 1998; Gettner et al., 1995).
SAX-7 functions are important but not essential
The incomplete penetrance of any one phenotype
indicates that sax-7 is important, but not essential for cell
adhesion of any one tissue. Other cell adhesion molecules
that may compensate for the loss of sax-7 include HMR-1
(Costa et al., 1998), integrins (Gettner et al., 1995), and a
second putative L1CAM homologue, lad-2 (Vogel et al.,
2003).
Immunolocalization of LAD-2 shows that lad-2 is
expressed only in a very specific and small subset of
neurons that are not affected in eq1 animals (unpublished
data), it is unlikely that lad-2 plays a role in the partial
penetrance of sax-7 phenotypes. In summary, our study
reveals SAX-7 as a cell adhesion molecule that mediates its
function through heterophilic and probably homophilic
interactions to maintain adhesion of multiple tissues and
cells as the animal grows and is subjected to both external
and internal forces.Acknowledgments
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